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Fue l  s a v i n g s  can  b e  achieved  by moving t h e  c e n t e r  of  g r a v i t y  (c .g . )  of 
an a i r c r a f t  a f t  which r educes  t h e  l o n g i t u d i n a l  s t a t i c  s t a b i l i t y  margin and con- 
s e q u e n t l y  t h e  t r i m  d rag .  However, f l y i n g  q u a l i t i e s  of an a i r c r a f t  w i t h  r e l a x e d  
s t a t i c  s t a b i l i t y  can  b e  s i g n i f i c a n t l y  degraded .  The f l y i n g  q u a l i t i e s  can be  
r e s t o r e d  by u s i n g  a p i t c h  ac t ive  c o n t r o l  sys tem (PACS). Consequent ly ,  a PACS 
w a s  developed by Lockheed under  a NASA A i r c r a f t  Energy E f f i c i e n c y  (ACEE) pro- 
gram c o n t r a c t .  
A near - te rm PACS w i t h  p i t c h  r a t e  feedback  and column-minus-trim feed-  
forward command s i g n a l s  was developed,  i n s t a l l e d  on a f l i g h t  t e s t  a i r c r a f t  
(L-1011 S/K l O O l ) ,  and f l i g h t  demonstrated d u r i n g  t h e  i n i t i a l  phase  of t h i s  
program ( s e e  Reference  1 ) .  The PACS was shown t o  p rov ide  good f l y i n g  q u a l i t i e s  
f o r  s t a t i c  s t a b i l i t y  margins  t o  p o s i t i v e  1%. 
T h i s  r e p o r t  documents t h e  work accomplished d u r i n g  a follow-on program t o  
per form f l i p h t  t es t s  a t  f u r t h e r  a f t  c .p .  l o c a t i o n s  w i t h  t h e  near - te rm PACS. 
The follow-on program f l i g h t  test  r e s u l t s  r e p o r t e d  h e r e i n  demonst ra te  t h a t  
w i t h i n  t h e  l i n e a r  s t a t i c  s t a b i l i t y  f l i g h t  envelope  t h e  near- term PACS w i t h  
i n c r e a s e d  p i t c h  r a t e  feedback  g a i n s  p r o v i d e s  good f l y i n g  q u a l i t i e s  f o r  s t a t i c  
s t a b i l i t y  margins  t o  n e g a t i v e  3%. 
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1. IKTROEUCTION 
1.1 Background 
A near-term PACS was developed during the initial phase of this program 
and installed on a Lockheed L-1011 flight test aircraft (S/K 1001). Flight 
demonstration tests within the linear static stabilitv flight envelope showed 
that the PACS provided good flying qualities of the aircraft for static sta- 
bility margins to positive 1%. 
Evduation of the flight test results indicated that by increasing the 
PACS feedback loop gains, satisfactory flying quality characteristics would be 
possible at negative static margins. Load limit criteria, capability to 
control the aircraft in case of a PACS failure, and c.g. management con- 
straints indicated that it was feasible t o  perform flight tests with static 
stability margins to negative 3 % .  Consequently, the near-term PACS follow-on 
flight test program was proposed. 
1.2 Program Objective 
The program objective was to demonstrate by flight test that the near- 
term PACS with increased feedback gains would provide flying qualities for 
static stability margins to negative 32 which were equivalent to those of the 
baseline aircraft with a positive 15% static stability margin. 
1.3 Scope of the Program 
The major program tasks for the near-term PACS extended flight test pro- 
gram were : 
e Flying qualities analvsis 
e Piloted flight simulation test 
Aircraft preparation for flight test 
e Flight test 
The flying qualities analysis and piloted flight simulation test were 
limited to evaluation of two cruise conditions and one landing condition. 
1 
A-ircraft preparation included analysis required for determining operating 
restrictions, safety reviews, and aircraft modifications. 
The flight test was limited to evaluation of a series of static stability 
The program was to consist of approximately margins for one flight condition. 
20 hours of flight time. 
2 
? L .  AIRCRAFT DESCRIPTIOK 
A d e t a i i e d  d e s c r i p t i o n  of t h e  f l i g h t  t e s t  a i r c r a f t  i s  g i v e n  i n  Ref- 
e r e n c e  1. The a i r c r a f t  i s  unique .  I t  h a s  a l o n g  f u s e l a g e  l i k e  t h e  L-1011-1 
model, and extended wing t i p s  and a i l e r o n  ac t ive  c o n t r o l  system (AACS) l i k e  
the s h o r t  f u s e l a g e  L-1011-500 model. It h a s  a f l y i n g  s t a b i l i z e r  w i t h  a 
geared  e l e v a t o r  which w a s  downrigged 5 d e g r e e s  t o  p r o v i d e  t h e  r e q u i r e d  nose- 
down a u t h o r i t y  f o r  f l i g h t  a t  t h e  a f t  c .g .  c o n d i t i o n s .  The e l e v a t o r  downrig 
w a s  des igned  ko p r o v i d e  a nose-down a n g u l a r  a c c e l e r a t i o n  of a t  least  
-5 .73  deglsec '  a t  t h e  c r i t i c a l  h igh  ang le -o f -a t t ack  c o n d i t i o n .  
The baseline a i r c r a f t  c o n f i g u r a t i o n  i s  t h a t  w i t h  t h e  AACS o p e r a t i n g  and 
t h e  PACS o f f ,  The AACS h a s  a s i g n i f i c a n t  impact on t h e  s t a t i c  s t a b i l i t y  margin 
of t h e  a i r c r a f t .  When t h e  AACS i s  o f f ,  t h e  n e u t r a l  p o i n t  i s  a t  45% rnac. When 
t h e  AACS i s  o p e r a t i n g  d u r i n g  a maneuver, t h e  a i l e r o n s  move symmet r i ca l ly  upward 
t o  p r o v i d e  wing l o a d  a l l e v i a t i o n  and cause  a nose-up p i t c h i n g  moment. T h i s  
r e s u l t s  i n  a s h i f t  of t h e  n e u t r a l  po in t  forward t o  40% rnac. Thus, t h e  base-  
l i n e  a i r c r a f t  f o r  t h e  PACS h a s  a n e u t r a l  p o i n t  a t  40% rnac and i n  case of a 
PACS f a i l u r e  d u r i n g  f l i g h t  t h e  s t a t i c  s t a b i l i t y  margin  can be i n c r e a s e d  by 
d i sengag ing  t h e  AACS. 
A water b a l l a s t  sys tem w a s  i n s t a l l e d  on t h e  a i r c r a f t  t o  p r o v i d e  c .g .  
management. T h i s  sys tem provided  s t a t i c  s t a b i l i t y  margins  from +15% (c .g .  a t  
2 5 %  rnac) t o  -3% (c .g .  a t  43% rnac) . 
3.  PACS DESCRIPTIOK 
A d e t a i l e d  d e s c r i p t i o n  of t h e  PACS i s  g i v e n  i n  Reference  1. T h e r e f o r e ,  
o n l y  a b r i e f  d e s c r i p t i o n  of t h e  PACS i s  g i v e n  i n  t h i s  r e p o r t .  
The b a s i c  PACS a n a l y t i c a l  b lock  d iagram w i t h  t h e  s i g n i f i c a n t  c o n t r o l  
system dynamics r e p r e s e n t e d  by Laplace domain t r a n s f e r  f u n c t i o n s  i s  g i v e n  i n  
F i g u r e  1. The diagram shows two l o o p s :  a feedback  lagged  p i t c h  damper l o o p  
and a feed-forward l agged  colurnn-minus-trim (C-T) l o o p .  P r o v i s i o n s  are made 
i n  t h e  feea-forward loop  f o r  C-T s i g n a l  washout d u r i n g  maneuvers. The PACS 
i s  cons ide red  t o  have f o u r  c o n f i g u r a t i o n s  f o r  pu rposes  of a n a l y s e s  and test 
e v a l u a t i o n s .  They are: 
0 PACS o f f  ( b a s e l i n e  a i r c r a f t )  
0 P i t c h  damper o n l y  
e P i t c h  damper w i t h  feed-forward 
e P i t c h  damper w i t h  feed-forward washout 
The p i t c h  ra te  g a i n  ( K i ) ,  t i m e  l a g  ( ~ ~ ~ ~ 1 ,  and C-T feed-forward g a i n  
(KFF) were scheduled  as a f u n c t i o n  of c a l i b r a t e d  a i r s p e e d  (KCAS) as shown i n  
F i g u r e  2 .  The schedu l ing  w a s  necessa ry  t o  a s s u r e  t h a t  t h e  PACS conf igu red  
a i r c r a f t  f l y i n g  q u a l i t i e s  f o r  all f l i g h t  c o n d i t i o n s  w e r e  e q u i v a l e n t  t o  t h e  
b a s e l i n e  a i r c r a f t  f l y i n g  q u a l i t i e s  wi th  a 25% rnac c . g .  p o s i t i o n .  
th rough 2.0  K i  p i t c h  ra te  g a i n s  were r e q u i r e d  t o  p r o v i d e  good f l y i n g  qua l -  
i t i e s  f o r  c . g .  p o s i t i o n s  between 39% and 45% rnac. 
The 1 . 3  K i  
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F i g u r e  2 .  - PACS g a i n  and t i m e  l a g  s c h e d u l e s .  
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4 .  FLYING QUALITIES ANALYSIS 
F l i g h t  c o n d i t i o n s  s e l e c t e d  f o r  e v a l u a t i o n  d u r i n g  t h e  near- term PACS 
follow-on f l i g h t  tes t  program are l i s t e d  i n  Tab le  1. 
s e l e c t e d  f o r  f l i g h t  t e s t i n g  t o  a n e g a t i v e  3% s t a t i c  s t a b i l i t y  margin.  
margin r e p r e s e n t s  t h e  n e g a t i v e  s t a b i l i t y  l i m i t s  of t h e  f l i g h t  test a i r c r a f t .  
F l i g h t  c o n d i t i o n s  11 and 18 were s e l e c t e d  a l o n g  w i t h  c o n d i t i o n  1 0  f o r  p i l o t e d  
f l i g h t  s i m u l a t i o n  tests t o  broaden t h e  d a t a  b a s e .  The s i m u l a t i o n  tests were 
t o  b e  performed w i t h  s t a t i c  s t a b i l i t y  marg ins  t o  n e g a t i v e  5 % .  
F l i g h t  c o n d i t i o n  1 0  w a s  
T h i s  
Analyses  were performed f o r  the  f l i g h t  c o n d i t i o n s  l i s t e d  i n  T a b l e  1 t o  
e v a l u a t e  t h e  near-term PACS f l y i n g  q u a l i t i e s  f o r  f l i g h t  a t  s t a t i c  s t a b i l i t y  
margins  t o  n e g a t i v e  5% s i n c e  p rev ious  a n a l y s e s  were o n l y  f o r  s t a b i l i t y  margins  
t o  p o s i t i v e  1%. The a n a l y s e s  included speed s t a b i l i t y ,  maneuver s t a b i l i t y ,  
dynamic s t a b i l i t y ,  and t u r b u l e n c e  r e sponse .  R e s u l t s  of t h e  a n a l y s e s  were 
compared w i t h  MIL-F-8785C and FAR P a r t  25 f l y i n g  q u a l i t i e s  cr i ter ia  t o  de t e rmine  
adequacy of t h e  PACS c a p a b i l i t i e s .  
4 . 1  Speed S t a b i l i t y  
The speed s t a b i l i t y  a n a l y s i s  determined t h e  column f o r c e  (Fc), r e q u i r e d  
t o  m a i n t a i n  t h e  a i r c ra f t  a t  a speed o t h e r  t h a n  t r i m  speed .  
FAR P a r t  25 d e f i n e s  s a t i s f a c t o r y  column f o r c e  c h a r a c t e r i s t i c s  as f o l l o w s .  
0 A p u l l  f o r c e  s h a l l  be r equ i r ed  t o  m a i n t a i n  speed below trim speed and 
a push f o r c e  s h a l l  be r e q u i r e d  t o  m a i n t a i n  speed above t r i m  speed.  
0 Column f o r c e  s h a l l  v a r y  mono ton ica l ly  w i t h  speed .  . 
0 The a v e r a g e  column f o r c e  g r a d i e n t  s h a l l  be  a t  least  -1 l b  p e r  6 KEAS 
th roughou t  t h e  speed r a n g e .  
TABLE 1. - FLIGHT C O N D I T I O N S  EVALUATED 
F l i g h t  Cond i t ion  
10.  C r u i s e  
(W/b = 1 . 4  x lo6 l b )  
11. Cruise .  
(W/6 = 1 . 0  x lo6 l b )  
18. Landing 
(6F = 33  deg) 
Weight 
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Fi ig 'n t  c o n d i t i o n  10  i s  s e l e c t e d  f o r  d i s c u s s i o n  i n  t h i s  r e p o r t  s i n c e  i t  
The p r e d i c t e d  f l i g h t  was t h e  c o n d i t i o n  t h a t  w a s  chosen f o r  f l i g h t  t e s t i n g .  
c o n d i t i o n  10 speed s t a b i l i t y  column f o r c e  c h a r a c t e r i s t i c s  are shown i n  
F i g u r e  3 and s a t i s f y  t h e  FAR P a r t  25 d e s i g n  c r i t e r i a  f o r  c . g .  p o s i t i o n s  of 
25;; and 4 5 2  rnac. 
s t a b i l i z e d  a t  t h e  v a r i o u s  s p e e d s ,  che PACS o f f  and PACS on w i t h  p i t c h  damper 
o n l y  have t h e  same column f o r c e  c h a r a c t e r i s t i c s  as shown. 
reduced s i g n i f i c a n t l y  f o r  t h e  PACS o p e r a t i n g  c o n f i g u r a t i o n  of p i t c h  damper 
w i t h  feed-forward. Column f o r c e s  f o r  t h e  PACS w i t h  p i t c h  damper and f eed -  
forward washout would b e  t h e  same a s  w i t h  t h e  PACS o f f  e x c e p t  f o r  l i g h t e r  
c o n t r o l  column f o r c e s  r e q u i r e d  t o  i n i t i a t e  t h e  speed change. 
S ince  p i t c h  r a t e  i s  n o t  g e n e r a t e d  when t h e  a i r c ra f t  i s  
Column f o r c e s  were 
4 . 2  Maneuver S t a b i l i t y  
Maneuver s t a b i l i t y  a n a l y s i s  determined t h e  column f o r c e s  r e q u i r e d  t o  main- 
t a i n  t h e  a i r c r a f t  i n  s t e a d y  wind-up t u r n s  o r  quas i - s t eady  pushover s .  
Maneuver column f o r c e  c r i te r ia  of MIL-F-8785C r e q u i r e s  a s t e a d i l y  i n c r e a s -  
i n g  push f o r c e  t o  m a i n t a i n  l o a d  f a c t o r s  less t h a n  one and a s t e a d i l y  i n c r e a s i n g  
p u l l  f o r c e  t o  m a i n t a i n  l o a d  f a c t o r s  g r e a t e r  t h a n  one. 
f o r c e  maneuver g r a d i e n t  c r i te r ia  f o r  c r u i s e  are:  
The upper and lower column 
TP"" I A PACS OFF OR 
I / PACS ON WITH [ :iTCyH DAMPER 
I 
- 25% rnac c.g. ---- 45% rnac c.g. 
V, - KEAS 
F i g u r e  3 .  - P r e d i c t e d  speed s t a b i l i t y  column f o r c e  c h a r a c t e r i s t i c s ,  
f l i g h t  c o n d i t i o n  10 .  
10 
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0 Upper boundary = 1 2 0 / ( 2 - 1 )  l b / g  OF POOR QUALtm 
Lower boundary = 3 5 / ( 2 - 1 )  l b / g  
Where nL i s  t h e  l o a d  f a c t o r  l i m i t  of t h e  a i r c r a f r r .  
commercial L-1011 a i r c r a f t  i s  2 . 5  g. 
The l o a d  l i m i t  f o r  
4 . 2 . 1  F l i g h t  c o n d i t i o n  10.- The maneuver s t a b i l i t y  c h a r a c t e r i s t i c s  of 
f l i g h t  c o n d i t i o n  1 0  are shown i n  F igu res  4 t h rough  6 f o r  25%, 39%, and 45% c . g .  
p o s i t i o n s  r e s p e c t i v e l y .  
placement (xs) and t h e  column (Fc) a s  a f u n c t i o n  of t h e  l o a d  f a c t o r  ( 8 ) .  
A p r e s e n t s  t h e  maneuver c h a r a c t e r i s t i c s  f o r  t h e  PACS o f f  and f o r  t h e  PACS on 
w i t h  p i t c h  damper o n l y .  P l o t  B p r e s e n t s  t h e  maneuver c h a r a c t e r i s t i c s  f o r  t h e  
PACS on w i t h  p i t c h  damper and feed-forward. 
Each p l o t  i n  t h e  f i g u r e s  g i v e s  t h e  series s e r v o  d i s - -  
P l o t  
The PACS o p e r a t i n g  c o n f i g u r a t i o n  w i t h  p i t c h  damper and feed-forward wash- 
o u t  i s  n o t  shown i n  t h e  f i g u r e s  because i t  is dependent  on t h e  ra te  a t  which * 
t h e  maneuver w a s  accomplished.  However, t h e  series s e r v o  d i s p l a c e m e n t s  and 
column f c r c e s  f o r  t h i s  c o n f i g u r a t i o n  l i e  between t h o s e  o'f t h e  o t h e r  two PACS 
on c o n f i g u r a t i o n s .  Also, t h e  c o n f i g u r a t i o n  a p p e a r s  l i ke  t h e  PACS w i t h  p i t c h  
r a t e  damper o n l y  f o r  s u s t a i n e d  maneuvers, and l i k e  t h e  PACS w i t h  p i t c h  damper 
and feed-forward f o r  q u i c k  maneuvers. 
The p i t c h  damper i n c r e a s e s  f o r c e  g r a d i e n t s  and t h e  feed-forward r e d u c e s  
t h e  g r a d i e n t  f o r  each c . g .  p o s i t i o n  as  shown i n  F i g u r e s  4 t h rough  6. Also, 
t h e  i n i t i a l  f o r c e  g r a d i e n t s  f o r  t h e  PACS on  c o n f i g u r a t i o n s  are shown t o  l i e  
w i t h i n  t h e  p r e s c r i b e d  limits of MIL-F-8785C. A t  a l o a d  f a c t o r  of 1 . 6  g ,  t h e  
column f o r c e  g r a d i e n t s  beg in  t o  reduce: t h e y  f l a t t e n  f o r  t h e  25% c .g .  p o s i -  
t i o n  and r e v e r s e  f o r  t h e  39% and 45% c . g .  p o s i t i o n s .  
r e p r e s e n t  t h e  end of t h e  l i n e a r  s ta t ic  s t a b i l i t y  r e g i o n .  
~- 
The reduced g r a d i e n t s  
S i n c e  t h e  o b j e c t i v e  of t h e  near-term PACS extended f l i g h t  test  program w a s  
t o  e v a l u a t e  t h e  PACS a t  l i n e a r  s t a b i l i t y  c o n d i t i o n s ,  t h e  l o a d  f a c t o r  l i m i t  of 
t h e  f l i g h t  tes t  aircraft  w a s  determined t o  b e  approx ima te ly  1 . 6  g .  
l o a d  f a c t o r  a t  which t h e  series servo d i sp lacemen t  s a t u r a t e s  i s  1.72 g.  
The lowes t  
4.2.2 F l i g h t  c o n d i t i o n  11.- The a n a l y s i s  f o r  f l i g h t  c o n d i t i o n  11 showed 
t h a t  t h e  i n i t i a l  f o r c e  g r a d i e n t s  w i t h  PACS on were w i t h i n  t h e  limits pre-  
s c r i b e d  by MIL-F-8785C. 
s t a r t e d  t o  r educe  w a s  extended t o  a load f a c t o r  of 2.2 g .  The series s e r v o  
o u t p u t  l inits  were reached a t  2 . 1  g f o r  t h e  45% mac c . g .  p o s i t i o n  ( n e g a t i v e  
15% s t a t i c  s t a b i l i t y  margin) w i t h  t h e  PACS-on p i t c h  damper p l u s  feed-forward 
c o n f i g u r a t i o n .  The PACS-on c o n f i g u r a t i o n  w i t h  p i t c h  damper o n l y  had a n  o u t -  
p u t  s a t u r a t i o n  a t  1 .8  g. 
The l i n e a r  s t a b i l i t y  r e g i o n  where t h e  f o r c e  g r a d i e n t s  
12 
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4 . 2 . 3  F l i g h t  c o n d i t i o n  18 . -  Ana lys i s  showed t h a t  t h e  column f o r c e  gra-  
d i e n t s  f o r  f l i g h t  c o n d i t i o n  1 8  w i t h  t!ie PACS on o r  o f f  i n c r e a s e d  as t h e  c .g .  
p o s i t i o n  w a s  moved a f t .  A l s o ,  a t  t h e  a f t  c . g .  p o s i t i o n s  t h e  column f o r c e  
g r a d i e n t s  exceeded t h e  maximum l i m i t s  p r e s c r i b e d  by MIL-F-8785C. The g r a d i e n t  
i n c r e a s e  a t  t h e  a f t  c . g .  p o s i t i o n s  was caused by t h e  p r imary  c o n t r o l  system 
g e a r i n g  and a s s o c i a t e d  f ee l  system which were n o t  des igned  f o r  f l i g h t  w i t h  t h e  
c . g .  a t  t h e  a f t  p o s i t i o n s .  The PACS series se rvo  d i sp lacemen t  r eached  s a t u r -  
a t i o n  a t  re la t ively low l o a d  f a c t o r s  f o r  t h e  PACS p i t c h  damper o n l y  c o n f i g u r a -  
t i o n .  The l o a d  f a c t o r  a t  t h i s  s a t u r a t i o n  dec reased  as t h e  p i t c h  r a t e  feedback 
g a i n s  were i n c r e a s e d .  
feed-forward,  t h e  s e r v o  s a t u r a t i o n  occur red  a t  a l o a d  f a c t o r  w e l l  beyond t h a t  
r e q u i r e d  f o r  normal maneuvers because t h e  feed-forward opposes  t h e  p i t c h  ra te  
damper command. 
For t h e  PACS c o n f i g u r a t i o n  w i t h  p i t c h  damper p l u s  
4 . 3  Dynamic S t a b i l i t y  
The dynamic s t a b i l i t y  a n a l y s e s  were performed t o  e v a l u a t e  t h e  PACS con- 
f i g u r e d  a i r c r a f t  l o n g i t u d i n a l  mode c h a r a c t e r i s t i c s .  
The a i rcraf t  w a s  cons ide red  t o  be a p o i n t  mass and have a r i g i d  body. 
The AACS and Mach t r i m  compensation system (MTC) were c o n s i d e r e d  t o  be 
o p e r a t i n g .  
c o n t r o l  system l i n e a r i z e d  e q u a t i o n s .  
The modes were determined by o b t a i n i n g  r o o t s  of t h e  a i r c r a f t  and 
4 . 3 . 1  F l i g h t  c o n d i t i o n  10 .  - The s h o r t - p e r i o d  and phugoid modes f;equency 
and damping c h a r a c t e r i s t i c s  w i t h  AACS on f o r  f l i g h t  c o n d i t i o n  1 0  are shown i n  
F i g u r e  7 .  
s h o r t - p e r i o d  damping r a t i o  ( 5 )  n e a r  0.5.  With t h e  PACS on t h i s  l e v e l  of damp- 
i n g  i s  ach ieved  f o r  the 45% rnac c . g .  by u s i n g  a p i t c h  ra te  feedback  g a i n  of 
1 . 3  Ki. 
mode and t h i s  w a s  t h e  recommended gain f o r  t h e  s i m u l a t i o n  program. 
The b a s e l i n e  a i r c r a f t  ( K i  = 0) w i t h  a 25% rnac c . g .  p o s i t i o n  h a s  a 
A 1 . 6  K; i s  shown t o  be r e q u i r e d  f o r  s t a b i l i z a t i o n  of t h e  phugoid 
4 . 3 . 2  F l i g h t  c o n d i t i o n  11.- For f l i g h t  c o n d i t i o n  11 w i t h  t h e  PACS on and 
t h e  c .g .  a t  45% rnac, a p i t c h  rate feedback g a i n  of K i  p rov ided  a damping r a t i o  
e q u i v a l e n t  t o  t h a t  of t h e  b a s e l i n e  a i r c r a f t  w i t h  t h e  c . g .  a t  25% rnac. However, 
a v a l u e  of 1 .6  Kb w a s  r e q u i r e d  t o  s t a b i l i z e  t h e  phugoid mode a t  t h e  45% rnac 
c .g .  p o s i t i o n .  
4 . 3 . 3  F l i g h t  c o n d i t i o n  18.- The PACS g a i n  r e q u i r e m e n t s  f o r  f l i g h t  con- 
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Figure  7 .  - E f f e c t  of p i t c h  r a t e  feedback  g a i n  on dynamic 
s t a b i l i t y  c h a r a c t e r i s t i c s .  
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4.4 Turbulence Response 
The a i r c r a f t  w a s  cons ide red  t o  be a p o i n t  mass w i t h  a r i g i d  body. The 
Lap lace  t ransformed l i n e a r i z e d  l o n g i t u d i n a l  e q u a t i o n s  of motion and t h e  von 
Karman form of t h e  t u r b u l e n c e  model were used f o r  t h e  a n a l y s i s .  The a n a l y s i s  
w a s  s i m p l i f i e d  by e l i m i n a t i n g  t h e  l i n e a r  g u s t  g r a d i e n t  t e r m s  excep t  € o r  t h e  
v e r t i c a l  g u s t  t ime r a t e  of change t h a t  d e f i n e d  t h e  e f f e c t  on t h e  a n g u l a r  a c c e l -  
e r a t i o n  of t h e  a i r c r a f t .  The r m s  response f o r  each  v a r i a b l e  e . g .  NzrmS,  g,, 
and xsrms w a s  computed by t a k i n g  t h e  squa re  r o o t  of t h e  frequency i n t e g r a l  of a 
f u n c t i o n .  The f u n c t i o n  was ob ta ined  by m u l t i p l y i n g  t h e  s q u a r e  of t h e  a b s o l u t e  
v a l u e  of t h e  t r a n s f e r  f u n c t i o n  f o r  the s p e c i f i c  v a r i a b l e  by t h e  power s p e c t r a l  
d e n s i t y  of t h e  g u s t .  
The l o a d  f a c t o r  ( N z ~ , ) ,  p i t c h  r a t e  ( i r m s ) ,  and series s e r v o  d i sp lacemen t  
(xsms) rms v a l u e s  f o r  a t u r b u l e n c e  i n t e n s i t y  of 1 f t / s e c  i n  bo th  t h e  h o r i z o n t a l  
and v e r t i c a l  d i r e c t i o n s  are shown i n  F i g u r e  8 f o r  f l i g h t  c o n d i t i o n  10  w i t h  
t h e  PACS o f f  and on. The PACS on r e s u l t s  were c a l c u l a t e d  f o r  a p i t c h  rate 
feedback  g a i n  of 1 . 6  Kh. 
l i n e  a i r c r a f t  (PACS o f f )  are  shown t o  i n c r e a s e  as t h e  c .g .  i s  moved a f t  from 
25% t o  35% rnac. T h i s  i s  t h e  expected t rend s i n c e  t h e  s t a t i c  s t a b i l i t y  
margin i s  d e c r e a s i n g .  A s  t h e  c.g. i s  moved a f t  of 35% rnac t h e  l o a d  f a c t o r  
and p i t c h  r a t e  r e sponse  a r e  shown by t h e  a n a l y s i s  t o  d e c r e a s e  i n  magnitude as 
i n d i c a t e d  by t h e  dashed l i n e s .  This can b e  e x p l a i n e d  by t h e  e f f e c t s  of s t a t i c  
s t a b i l i t y  c h a r a c t e r i s t i c s  and by t h e  e f f e c t s  of AACS. I n  t h e  a f t  c .g .  r a n g e ,  
t h e  s t a t i c  margin i s  sma l l  s o  t h e r e  i s  l i t t l e  p i t c h  r a t e  r e sponse  t o  g u s t .  
B e s i d e s  r educ ing  l o a d  f a c t o r  r e sponse ,  t h e  AACS a l s o  r educes  p i t c h  r e sponse  
s i n c e  t h e  a i l e r o n s  are far enough forward of t h e  c . g .  t o  accomplish t h i s .  
Engagement of t h e  PACS shows a s i g n i f i c a n t  r e d u c t i o n  i n  t h e  l o a d  f a c t o r  and 
p i t c h  r a t e  r e sponse  and t h e s e  r e sponses  a long  w i t h  t h e  s e r v o  d i sp lacemen t  
r e sponse  remain r e l a t i v e l y  c o n s t a n t  over t h e  c .g .  r ange .  T h i s  i s  a d e s i r a b l e  
c h a r a c t e r i s t i c .  
The l o a d  f a c t o r  and p i t c h  ra te  r e s p o n s e  of t h e  base- 
1 7  
6 rms 
0.98 
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F i g u r e  8. - Pred ic t ed  a i r c r a f t  r e s p o n s e  t o  a n  a tmosphe r i c  t u r b u l e n c e  level of 
1 f t l s e c ,  f l i g h t  c o n d i t i o n  1 0 .  
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5. PILOTED FLIGHT SIMULATION TEST 
The piloted flight simulation test was performed to confirm the analyt- 
ically determined optimum PACS operating configurations and pitch rate feed- 
back gains to be evaluated during the flight test program, and to assure that 
a PACS failure would not jeopardize the flight test aircraft. The simulation 
test flight time was 44 hours and was conducted by two Lockheed and two NASA 
pilots. 
5 . 1  Simulation Modei 
The simulation mathematical model represented the flight test airplane, 
L-1011 S/K 1001. Engine characteristics were represented by the installed 
thrust of three Rolls Royce RB.211-22B turbofan engines. Control functions 
were represented by a complete dynamic model of the longitudinal system and 
a simplified model of the lateral-directional system. A complete description 
of the control functions is given in Reference 2 .  
5.2  PACS Configuration 
The four PACS configurations defined in Section 3 were tested. The pitch 
The rate feedback gains evaluated (Ki, 1.3 Kb, 1.6 K$ are given in Figure 2 .  
C-T feed-forward gain (KFF) was increased to 1.3 KFF and 1.6 KFF for some of 
the flight condition 18 tests. 
5 . 3  Flight Simulator 
The NASA-Langley visual motion simulator (VMS) was used for the piloted- 
flight simulation test. The VMS is a general purpose simulator consisting of 
a two-man cockpit mounted on a six degree of freedom synergistic base. A 
collimated visual display provides 60 degree out-the-window color displays 
which were activated during the landing test simulation. A programmable 
hydraulic control loading system is provided for column, wheel, and rudder. 
The instruments and displays are typical of those for transport aircraft. 
5 . 4  Flight Conditions 
The piloted flight simulation test conditions are listed in Table 1. 
These conditions were tested at c.g. positions from 25% to 45% rnac for the . 
four PACS configurations (Section 3) with pitch rate feedback gains from Ki 
to 2 . 0  Kb (Figure 2). 
Y 
Flight conditions 10 and 18 had been tested during the previous phase 
of the near-term PACS development program on the Lockheed Rye Canyon Laboratory 
simulator for c.g. positions iron 25X to 39% rnac with a pitch rate feedback 
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e v a l u a t i o n  i n  a n  expanded l inear  s t a b i l i t y  r e g i o n .  
.1 are  show, on t h e  s p e e d - a l t i t u d e  l i m i t  enve lope  of F i g u r e  9.  
F l i g h t  c o n d i t i o n  11 w a s  added f o r  t h e  KASA VMS t e s t  t o  p r o v i d e  
F l i g h t  c o n d i t i o n s  10 
5 . 5  E v a l u a t i o n  Tasks 
Most of  the s i m u l a t i o n  tests were conducted f o r  calm a i r  c o n d i t i o n s  
because  of f l i g h t  s i m u l a t i o n  t i m e  c o n s t r a i n t s  and p i l o t  ag reemen t s  that  d i f -  
f e r e n c e s  between PACS c o n f i g u r a t i o n s  cou ld  be  better e v a l u a t e d  w i t h o u t  t u r -  
bu lence  s i m u l a t i o n .  
The number of PACS c o n f i g u r a t i o n s  t o  b e  e v a l u a t e d  were reduced  by u s i n g  
t h e  f o l l o w i n g  p rocedure .  
P i l o t  r a t i n g  t r e n d s  were used f o r  i n c r e a s i n g  p i t c h  ra te  feedback  
g a i n s  as t h e  c .g .  p o s i t i o n  w a s  moved a f t .  
Each new p i l o t  s t a r t e d  e v a l u a t i o n  of a f l i g h t  c o n d i t i o n  w i t h  t h e  
PACS c o n f i g u r a t i o n  t h a t  w a s  p r e f e r r e d  by p r e v i o u s  p i l o t s .  
A t  t h e  beginning  of t h e  second c r u i s e  c o n d i t i o n  e v a l u a t e d  by a p i l o t ,  
he  was provided  w i t h  t h e  p r e f e r r e d  PACS c o n f i g u r a t i o n  t h a t  he  had sel- 
ected f o r  t h e  f i r s t  c r u i s e  f l i g h t  c o n d i t i o n .  
was found t o  be  s a t i s f a c t o r y  f u r t h e r  o p t i m i z a t i o n  w a s  n o t  a t t e m p t e d .  
I f  t h e  PACS c o n f i g u r a t i o n  
P i l o t i n g  t a s k s  used t o  de t e rmine  t h e  p r e f e r r e d  PACS c o n f i g u r a t i o n s  
inc luded  wind-up t u r n s ,  speed changes ,  c o n t r o l  p u l s e s  and releases, shal low- 
banked t u r n s ,  S p a t t e r n  t u r n s ,  s m a l l  p i t c h  changes ,  power advances  and r e t a r d a -  
t i o n s ,  emergency d e s c e n t s  and l a r g e  p i t c h  changes.  
To ensu re  t h e  s a f e t y  of t h e  f l i g h t :  t e s t s  two t y p e s  of PACS f a i l u r e s ,  t h e  
most p robab le  and t h e  w o r s t ,  were i n v e s t i g a t e d  f o r  t h e  most a d v e r s e  f l i g h t  
c o n d i t i o n .  The f i r s t  w a s  an unde tec t ed  PACS f a i l u r e  and t h e  second w a s  a 
maximum s e r v o  a u t h o r i t y  ha rdove r .  Both,  t h e  unde tec t ed  f a i l u r e s  and ha rdove r s  
were randomly i n s e r t e d  d u r i n g  e v a l u a t i o n  of t h e  F l i g h t  c o n d i t i o n  11 tes t  when 
t h e  c . g .  w a s  a t  t h e  4 3 2  rnac p o s i t i o n .  
5 . 6  S imula t ion  Test R e s u l t s  
T h i s  s e c t i o n  p r e s e n t s  t h e  piloted-flight-simulation t e s t  r e s u l t s  i n  terms 
of p i l o t  Cooper-Harper r a t i n g s  f o r  t h e  two c r u i s e  c o n d i t i o n s  and t h e  l a n d i n g  
c o n d i t i o n ,  (see Table  1 ) .  The r a t i n g s  a re  f o r  calm a i r  a tmosphe r i c  c o n d i t i o n s  
excep t  f o r  the  symbols on t h e  p i l o t  r a t i n g  c h a r t s  t h a t  are marked w i t h  a T 
which r e p r e s e n t s  f l i g h t  i n  moderate  t u r b u l e n c e .  
Test r e s u l t s  of each f l i g h t  c o n d i t i o n  are  s e p a r a t e l y  d i s c u s s e d .  
I n i t i a l l y ,  Coooper Harper r a t i n g s  of t h e  b a s e l i n e  a i r c r a f t  (PACS o f f )  a re  
p r e s e n t e d  f o r  t h e  c . g .  range  f r o m  252 t o  4 5 %  mac. The r a t i n g s  of t h e  a i r c r a f t  
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F i g u r e  9 .  - P i l o t e d  f l i g h t  s i m u l a t i o n  test c r u i s e  c o n d i t i o n s  
on s p e e d - a l t i t u d e  envelope .  
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5.6.1 Flight condition 10.- Pilot Cooper-Harper ratings for the a'rcraft 
at cruise condition 10 are given in Figure 10 for the AACS on and off. The 
three pilots who evaluated this flight condition rated the aircraft satis- 
factory for the 254 rnac c.g. position and unacceptable for the 437: rnac c.g. 
position. Based on the data shown, the baseline aircraft (AACS on) boundaries 
for satisfactorplumatisfactory and unsatisfactory/unacceptable ratings are 
approximately 37% and 42% rnac respectively. It should be noted that the pllot 
ratings deteriorate very rapidly once the c.g. is aft of the neutral point. 
Engagement of the PACS improved the pilot Cooper-Harper ratings signifi- 
cantly as shown in Figure 11. The PACS configurations tested for each c.g. 
position are designated at the bottom of each rating chart. The different 
symbols represent the different pitch rate feedback gains. The shaded symbols 
designate the preferred PACS configuration chosen by the pilot for the speci- 
fic c.g. position. Th,e rating at 252 rnac represents the baseline aircraft 
(PACS off, 0 S L ) .  Symbols marked with a 'I represent flight in moderzte 
turbulence. 
The three pilots who completed their evaluation at this flight condition 
rated the PACS on aircraft the same as or better than the baseline aircraft 
(PACS off. c.g. = 257; rnac) at c.g. positions up to 41% rnac. Pilots 1 and 3 
rated the aircraft slightly worse than the baseline aircraft at c.g. positions 
aft of 412 rnac, however their ratings remained in .the satisfactory range. 
Pilot 2 found :he aircraft more degraded with c.g. positions aft of 41% rnac 
and rated the aircraft unsatisfactory. Pilot 2 also provided ratings which 
excluded the phugoid. \*!hen the phugoid was excluded, his ratings remained 
satisfacrory with the c.g. at 4 3 %  rnac. Pilot 4 only evaluated a gain of 
2.0 K\ with a c . g .  position of 437: rnac at this flight condition. 
found the PhCS on aircraft unsatisfactory. ht a c.g. of 39% rnac pilot 
opinions for the preferred PACS operating configuration were divided between 
the pitch damper plus feed-forward and pitch damper with feed-forward washout. 
At farther aft c.g. positions the pilots preferred the PACS operating con- 
figuratior! with pitch damper plus feed-forward. The desired pitch rate feed 
back gain value trend was from Ki to between 1.6 and 2.0 Ki as the c.g. was 
moved from 39% to 452 rnac. 
He also 
Pilot 1 ratings in moderate turbulence indicated the flying qualities to 
be unsatisfactory. The preferred PACS configurations in turbulence were the 
same as in calm air. Neither an increased pitch rate damping gain nor a 
different PACS operating configuration would improve the rating. The pitch 
rate damping gains of Ki, 1.3 Kk and 1.6 K i  appeared to be satisfactory for 
the flight test progran which would be limited to a maximum aft c.g. of 43% 
rnac and flight Condition 10. 
5.6.2 Flight condition 11.- Figure 12 shows pilot ratings for the air- 
craft at flight condition 11 are similar to those of flight condition 10. 
The AACS-off ratings at aft c.g. positions are better than the AACS-on ratings 
and the AACS-on rating trend is from satisfactory to unacceptable as ttl? i . g .  
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Figure  1 2 .  - Simula t ion  tes t  p i l o t  Cooper-Harper r a t i n g s  f o r  
f l i g h t  c o n d i t i o n  11, PACS o f f .  
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boundaries for ~ a t i s f a c t o r y / u n s a t i s f a c t o r ~ ~  and unsatisfactoryfunacceptable 
ratings are estimated to be 377; and L32 respectively. 
Engagement of the PACS also showed similar results (Figure 13) to that 
of flight condition 10. The ratings of each pilot showed satisfactcry flying 
qualities at the 392 and 41% rnac c.g. positions. Hcweirer, pilots 2 and 4 
ratings at the 432 c.g. position showed unsatisfactory flying qualities, 
whereas Pilots 1 and 3 ratings showed satisfactory flying qualities to 45% 
for the preferred PACS configuration (pitch damper plus feed-forward). 
The desired pitch rate feedback gain trend was the same as it was for flight 
condition 10. 
Turbulence evaluations by pilots 1 and 3 showed that flying qualities in 
moderate turbulence were degraded relative to the flying qualities in calm 
air. The pilot 1 ratings indicated the flying qualities were unsatisfactory 
while pilot 2 racings showed satisfactory flying qualities. The pitch rate 
feedback trend was from I;i at 39% rnac to 1.6 Rj at 43% rnac. 
remained essentially constant over the c.g. range with Pilot 1 rating the 
airplane unsatisfactory and Pilot 3 rating the airplane satisfactory. 
Their ratings 
Randomly inserted PACS failures throughout the Flight Condition 11 test 
with c.g. at h 3 Z  rnac showed that passive failures were benign. 'The pilots 
were aware when a failure occurred and were able to disengage the A A C S  to 
produce a more stable aircraft. 
Maximum PACS servo authority hardover failures presented some difficulty 
in cont.rolling the aircraft. The best recover?; procedure was found to be 
deactivation of the PACS quickly, recovering the aircraft to 1 g, and dis- 
engaging the AACS. This procedure was adopted as the flight test procedure 
should this failure occur. 
5.6.3 Flight condition 18.- Pilot ratings for the baseline aircraft at 
flight condition 18 are given in Figure 14. A l l  tests were performed with 
the PACS on. Pilots 1 ,  3 ,  and 3 performed tests for moderate turbulence condi- 
tions. Three of the four pilots rated the baseline aircraft flying qualities 
to be satisfactory over the c.g. range to 41% rnac. The pilot ratings at 
432 indicated that the flying qualities were unsatisfactory. 
Engagement of the PACS (Figure 15) slightly improved the aircraft flying 
qualities. lhe C-T feed-forward gain was increased for some of these tests 
as indicated in the figure but did not improve the flying qualities. The 
PACS with pitch damper plus feed-forward was the only configuration evaluated 
except for one test by Pilot 1 with the c.g. at 39% rnac. The desired pitch 
rate feedback increased from 1.3 K p  to 1.6 K $  as the c.g. was moved from 39% 
to 43; rnac. 
The ratings decreased only a small amount for flight in moderate turbu- 
lence. 
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5 . 7  Summary of Simulation Test Results 
The baseline aircraft had unacceptable flying qualities for cruise flight 
conditions 10 2nd 11 at c.g. positions aft of 412 rnac. However, the aircraft 
flying qualities were significantly better with the AACS off. Therefore, in 
casesof a PACS failure during the flight test program, the AACS could be dis- 
engaged to enhance the aircraft flying qualities. The baseline aircraft 
flying qualities for the landing flight condition were acceptable throughout 
the c.g. test range. 
Engagement of the PACS improved the flying qualities for cruise flight 
conditions 10 and 11 significantly but only slightly improved the landing 
flight condition 18.  The flying qualities were considered good over the 
c.g. range and were close to meeting the design goals which required the 
PACS configured aircraft flving qualities for the entire c.g. range to be 
equivalent to those of the baseline aircraft with a 252 rnac c.g. position. 
The preferred PACS operating configuration was determined to be the 
pitch rate damper plus feed-forward configuration. The desired pitch rate 
feedback gain trend was fron I(; at 392 rnac to between 1.6 K; and 2.0 K; 
at 45? rnac. 
1.6 K i  was adequate at a 432  rnac c.g. position and since this represented 
the aft c.g. limit of the flight test aircraft, the gain settings selected 
for the flight test aircraft PACS were K;1, 1.3 K;, and 1.6 K;. 
forward gain of KFF was not changed from the value used during the initial 
flight test program. 
However, the majogity of pilot ratings indicatgd that a gain of 
The C-T feed 
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6 .  FLIGHT TEST AIRCRAFT PREPARATION 
6 . 1  S t r u c t u r a l  Loads 
The p r e v i o u s  program l o a d s  a n a l y s i s  developed t h e  s t r u c t u r a l  o p e r a t i n g  
r e s t r i c t i o n s  r e q u i r e d  t o  o p e r a t e  t h e  f l i g h t  test a i r c r a f t  w i t h  t h e  near- term 
PACS a t  a n  a f t  c . g .  l i m i t  of 39% rnac. These r e s t r i c t i o n s  d e f i n e d  t h e  s t r u c -  
t u r a l l y  s a f e  o p e r a t i n g  l i m i t s  of the  PACS a i r c r a f t  based on p r e d i c t e d  l o a d s  
r e l a t i v e  t o  s t r u c t u r a l  c a p a b i l i t y .  The l o a d s  a n a l y s i s  d e s c r i b e d  h e r e  l e a d s  t o  
t h e  s t r u c t u r a l  o p e r a t i n g  r e s t r i c t i o n s  n e c e s s a r y  t o  extend t h e  a f t  c .g .  l i m i t  
t o  43% rnac and u t i l i z e  p i t c h  ra te  feedback g a i n s  t o  2 .0  Kit. 
The l o a d s  a n a l y s i s  c r i t e r i a  and methods remain t h e  same as t h o s e  d e s c r i b e d  
i n  t h e  s t r u c t u r a l  l o a d s  a n a l y s i s  s e c t i o n  of Refe rence  1. The c u r r e n t  l o a d s  
a n a l y s i s  i s  d i v i d e d  i n t o  t h e  fo l lowing  s t e p s .  
a F a i l u r e  a n a l y s i s  
a Maneuver and dynamic g u s t  l o a d s  a n a l y s i s  
a S t r u c t u r a l  o p e r a t i n g  r e s t r i c t  i o n s  
6.1.1 F a i l u r e  a n a l y s i s . -  The p r e v i o u s  program f a i l u r e  a n a l y s i s  determined 
t h e  wors t  t y p e  of n o n o s c i l l a t o r y  f a i l u r e  t o  be  a n  unde tec t ed  hardover  of t h e  
PACS series s e r v o .  Twenty-three t i m e  h i s t o r i e s  f o r  t h i s  t y p e  of f a i l u r e  were 
performed. V a r i a b l e s  were c . g . ,  a u t h o r i t y  l i i i t ,  and s p e e d / a l t i t u d e .  From 
t h i s  a n a l y s i s ,  a reduced a l l o w a b l e  speed a l t i t u d e  (VD/MD) boundary w a s  
e s t a b l i s h e d  f o r  f l i g h t  a t  a 43% rnac c . g .  p o s i t i o n  based on peak a i r c r a f t  l o a d  
f a c t o r  and t a i l  l o a d .  T h i s  boundary a p p l i e s  t o  t h e  e x i s t i n g  series s e r v o  
a u t h o r i t y  limits of 0.68 d e g r e e  a i r c r a f t  nose-up and nose-down r e f e r e n c e d  t o  
a t r i m  s e t t i n g  of -1.0 d e g r e e ,  and the  2 .0  second p i l o t  r ecove ry  c r i t e r i o n  of 
Refe rence  1. T h i s  VD/MD boundary of VD = 325 KCAS and MD = 0.86 w a s  s e l e c t e d  
such t h a t  l o a d s  a t  43% rnac c .g .  due  t o  t h i s  t y p e  of f a i l u r e  do n o t  exceed 
t h o s e  e s t a b l i s h e d  by t h e  p r e v i o u s  a n a l y s i s  a t  39% Iilac and VD/MD boundary of 
VD = 375 KCAS and MD = 0.90. The reduced VD/MD boundary i s  shown as a p a r t  
of F i g u r e  16 .  
t h e  p r e v i o u s  a n a l y s i s  w a s  u t i l i z e d  i n  a s s e s s i n g  a l l o w a b l e  a i r f r a m e  l o a d s  from 
a n  u n d e t e c t e d  hardover  f a i l u r e .  
The same p r o b a b i l i t y  of a hardover  f a i l u r e  e s t a b l i s h e d  f o r  
D i s t r i b u t e d  l o a d s  ( p a n e l  l o a d s )  were computed f o r  t h e  seven most c r i t i c a l  
time h i s t o r y  cases and compared wi th  e s t a b l i s h e d  a i r c r a f t  s t r e n g t h  c a p a b i l i t y  
t o  v e r i f y  t h a t  unde tec t ed  hardover  f a i l u r e  l o a d s  do n o t  exceed t h o s e  of t h e  
p r e v i o u s  a n a l y s i s .  
O s c i l l a t o r y  f a i l u r e  c o n d i t i o n  l o a d s  vere judged n o t  c r i t i c a l  by a review 
of t h e  i n i t i a l  program o s c i l l a t o r y  f a i l u r e  a n a l y s i s  r e s u l t s .  
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6 . 1 . 2  Maneuver and dynamic gus t  l o a d s  a n a l y s i s . -  D i s t r i b u t e d  l o a d s  
were computed f o r  t h i r t e e n  p o t e n t i a l l y  c r i t i c a l  s t e a d y  maneuver c o n d i t i o n s  a t  
t h e  extended 43% rnac a f t  c .g .  boundary by u s i n g  reduced maneuver l o a d  f a c t o r s .  
These l o a d s  are w i t h i n  e s t a b l i s h e d  a i r c r a f t  s t r e n g t h  c a p a b i l i t y .  T h i r t y - e i g h t  
t r a n s i e n t  maneuver t i m e  h i s t o r i e s  were gene ra t ed  a t  reduced l o a d  f a c t o r s  j.n 
o r d e r  t o  i n v e s t i g a t e  t h e  e f f e c t s  of  a more a f t  c . g .  and i n c r e a s e d  PACS p i t c h  
ra te  feedback  g a i n  on peak t a i l  l o a d s .  A d d i t i o n a l  t r a n s i e n t  maneuver d i s -  
t r i b u t e d  l o a d s  beyond t h o s e  done f o r  t h e  p r e v i o u s  program phase were judged 
unnecessa ry  s i n c e  t h e s e  time h i s t o r i e s  y i e l d e d  peak t a i l  l o a d s  below t h o s e  
o b t a i n e d  i n  t h e  p r e v i o u s  a n a l y s i s .  The n e t  r e s u l t  of t h e  s t e a d y  and t r a n s i e n t  
maneuver a n a l y s i s  w a s  a r e d u c t i o n  i n  t h e  AACS on a l l o w a b l e  l o a d  f a c t o r s  from 
2.2 t o  2 . 0  f o r  t h e  b a s i c  and high-drag c o n f i g u r a t i o n s  and from 1 . 9  t o  1.8 f o r  
t h e  f l aps -ex tended  c o n f i g u r a t i o n .  
a f t  f u s e l a g e  l o a d s  due t o  t h e  a d d i t i o n a l  f i x e d  a f t  f u s e l a g e  b a l l a s t  r e q u i r e d  
t o  r e a c h  43% rnac. 
This w a s  p r i m a r i l y  a consequence of i n c r e a s e d  
Dynamic g u s t  c o n d i t i o n  l o a d s  were judged n o t  c r i t i ca l  on t h e  b a s i s  of a 
review of t h e  p r e v i o u s  dynamic g u s t  l o a d s  a n a l y s i s  r e s u l t s .  
6 . 1 . 3  S t r u c t u r a l  o p e r a t i n g  r e s t r i c t i o n s . -  The s t r u c t u r a l  o p e r a t i n g  
r e s t r i c t i o n s  and r e q u i r e m e n t s  are the  end p roduc t  of t h e  s t r u c t u r a l  l o a d s  
a x a l y s i s  t a s k  and r e f l e c t  t h e  s t r u c t u r a l l y  s a f e  o p e r a t i n g  environment l i m i t s  
of t h e  PACS f l i g h t  test a i r c r a f t  based on p r e d i c t e d  l o a d s  r e l a t ive  t o  s t r u c -  
t u r a l  c a p a b i l i t y .  R e s t r i c t i o n s  i n c l u d e  a i r c r a f t  l oad  f a c t o r ,  s p e e d / a l t i t u d e ,  
a i r c r a f t  weight  and c . g .  l i m i t s  ( i n c l u d i n g  b a l l a s t  d i s t r i b u t i o n ) ,  f u e l  l o a d i n g  
and ground r e s t r i c t i o n s ,  and a l lowab le  t u r b u l e n c e  and b u f f e t  l i m i t s .  Require-  
ments i n c l u d e  l o a d s  mon i to r ing .  Th i s  material is  s p e c i f i e d  th rough  a r e v i s i o n  
t o  t h e  e x i s t i n g  L-1011 o p e r a t i n g  r e s t r i c t i o n s  r e p o r t  and i s s u a n c e  of  a n  
A i r c r a f t  S t r u c t u r a l  Opera t ing  L i m i t a t i o n s  Memo 
F i g u r e  1 6  shows a composi te  summary of t h e  more s i g n i f i c a n t  r e s t r i c t i o n s .  
Compared t o  p r e v i o u s  r e s t r i c t i o n s ,  the AACS-on l o a d  f a c t o r s  are  reduced from 
2.2 t o  2 . 0  f o r  t h e  b a s i c  and high-drag c o n f i g u r a t i o n s ,  and from 1 . 9  t o  1 .8  
f o r  t h e  f l aps -ex tended  c o n f i g u r a t i o n .  
t o  VD = 325 KCAS and MD = 0.86 from VD = 375 KCAS and MD = 0.90. 
c . g .  l i m i t  i s  extended from 39% t o  43% rnac. And, t h e  maximum z e r o  f u e l  
we igh t  i s  i n c r e a s e d  from 312,460 l b  t o  319,282 l b .  
The s p e e d l a l t i t u d e  boundary i s  reduced 
The a f t  
6.2 S t r e s s  
Stress ac t iv i t i e s  f o r  t h e  near-term PACS extended f l i g h t  test program 
i n c l u d e d  a n a l y s i s  and i n s p e c t i o n  of t h e  b a l l a s t  arrangement  f o r  t h e  43% rnac 
c .g .  c o n f i g u r a t i c n .  The changes i n  t h e  b a l l a s t  arrangement  f o r  t h e  43% mac 
c .g .  c o n f i g u r a t i o n  r e l a t i v e  t o  t h e  39% rnac c . g .  c o n f i g u r a t i o n  were t h e  
a d d i t i o n  of 3 ,750 l b s  of f i x e d  b a l l a s t .  The a l l o w a b l e  f l o o r  s t r e n g t h  
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was exceeded when d e s i g n  f l i g h t  and l a n d i n g  l o a d  f a c t o r s  were a p p l i e d .  The 
S t r u c t u r a l  Operat ing R e s t r i c t i o n s  d e s c r i b e d  i n  S e c t i o n  6.2 were set  t o  
r e d u c e  t h e s e  load f a c t o r s  t o  a level  w i t h i n  t h e  s t r e n g t h  c a p a b i l i t y  of t h e  
f l o o r  s t r u c t u r e .  The c a p a b i l i t y  of t h e  43% rnac c .g .  b a l l a s t  i n s t a l l a t i o n  i n  
t h e  a f t  passenger  c a b i n  t o  w i t h s t a n d  emergency l a n d i n g  load  f a c t o r s  w a s  main- 
t a i n e d .  An i n s p e c t i o n  of t h e  43% rnac c . g .  b a l l a s t  i n s t a l l a t i o n  w a s  made t o  
i n s u r e  drawing conformance. 
6 . 3  Weight and c . g .  Management 
The f l i g h t  t es t  a i r c r a f t  c . g .  management system w a s  r e v i s e d  t o  i n c r e a s e  
t h e  a f t  c.g. l i m i t  from 39% t o  43% rnac. T h i s  w a s  accomplished by i n c r e a s i n g  
t h e  f i x e d  water  b a l l a s t  from 12 ,600  l b s  t o  14,000 l b s  and t h e  ha rd  b a l l a s t  
from 19,250 l b s  t o  21,600 l b s .  The r e v i s e d  b a l l a s t  system i s  shown i n  Fig- 
u r e  1 7 .  The a i r c r a f t  w a s  weighed p r i o r  t o  t h e  f i r s t  f l i g h t  t o  o b t a i n  g r o s s  
weight  and c . g . v e r i f i c a t i o n .  
The c . g .  p o s i t i o n  d u r i n g  f l i g h t  w a s  c o n t r o l l e d  from a weight  e n g i n e e r s  
s t a t i o n  by t r a n s f e r r i n g  movable water b a l l a s t  a n d l o r  a i r c r a f t  f u e l .  
p o s i t i o n  w a s  maintained w i t h i n  a t o l e r a n c e  of 20.5% mac f o r  t h e  c . g .  r a n g e  
from 39% t o  42% mac and w i t h i n  a t o l e r a n c e  of +O.O t o  -0.3% rnac f o r  t h e  
43% mac ,c .g .  p o s i t i o n .  The c . g .  management envelope i s  shown i n  F i g u r e  18. 
The c . g .  
6.4 F l u t t e r  
F l u t t e r  a n a l y s e s  were performed t o  a s s u r e  t h a t  f l u t t e r  marg ins  of t h e  
f l i g h t  tes t  a i r c r a f t  m e t  t h e  f l u t t e r  c r i t e r i a  f o r  f l i g h t  s a f e t y .  The a n a l y s e s  
examined a f t  c.g. a i r c r a f t  c o n f i g u r a t i o n s  w i t h  c . g .  p o s i t i o n s  of 39% and 
43% rnac. 
6.4.1 Analys i s  methods.  - Two a n a l y s i s  p rocedures  were used t o  i n v e s t i -  
g a t e  f l u t t e r  s t a b i l i t y  of t h e  a i r c ra f t .  One p rocedure  w a s  t h e  classical  
method known a s  t h e  v e l o c i t y  v e r s u s  f requency and v e l o c i t y  v e r s u s  damping 
s o l u t i o n ,  The o t h e r  p rocedure  w a s  t h e  phase  v e r s u s  g a i n  method which assesses 
t h e  phase  and g a i n  margins  of t h e  system a t  s p e c i f i c  f l i g h t  c o n d i t i o n s  and i s  
known by t h e  acronym FARM ( feedback  ampl i tude  r a t i o  m a r g i n ) .  These methods 
o f  a n a l y s i s  a r e  d e s c r i b e d  i n  Reference 1. 
6 . 4 . 2  Condit ions ana lyzed . -  The c l a s s i c a l  f l u t t e r  a n a l y s e s  so lved  f o r  
t h e  modal s t a b i l i t y  ove r  t h e  speed r ange  of 20 t o  600 KEAS a t  a c o n s t a n t  Mach 
number of 0.88 w i t h  t h e  PACS o f f  and on.  The FARY a n a l y s e s  i n v e s t i g a t e d  
f l i g h t  c o n d i t i o n  1 0  f o r  c . g .  p o s i t i o n s  of 39% and 43% rnac. The FARM a n a l y s e s  
were performed f o r  t h e  PACS and AACS o p e r a t i n g .  The p i t c h  r a t e  feedback  
g a i n s  examined were Ki and 2 . 0  Ki. 
34 
ORIGINAL PAGE E3 
OF POOR QUALITY 
1500 Ibs. 
9600 Ibs 
WATER + 7 WATER TANKS = 14000 Ibs 
10,500 Ibs 
2000 Ibs 
16000 Ibs 8 EMPTY WATER TANKS = 2000 Ibs 
c.g. 25% mac 
TANKS = 2000 Ibs 
WATER - 16000 Ibs 
\ 8 EMPTY WATER TANKS = 2000 Ibs 
c.g. 43% mac 
F i g u r e  1 7 .  - c . g .  management system of t h e  f l i g h t  tes t  a i r c ra f t  f o r  t h e  
near-term PACS extended f l i g h t  test program. 
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6 . 4 . 3  A n a l y s i s  r e s u l t s . -  R e s u l t s  f o r  t h e  c lass ical  a n a l y s e s  a t  Mach 0.88 
w i t h  PACS o f f  and on showed t h e  v e h i c l e  c l e a r e d  t o  1 . 2  VD. Minimal d i f f e r e n c e s  
existed between t h e  PACS on and o f f  r e s u l t s .  The FARM a n a l y s e s  showed t h a t  
t h e  f l u t t e r  margins  w e r e  s a t i s f i e d  over t h e  f r equency  r a n g e  of 0.1 t o  25.0 Hz 
f o r  f l i g h t  c o n d i t i o n  10.  The re  e x i s t e d  minimal d i f f e r e n c e s  i n  t h e  r e s u l t s  of 
t h e  FARM a n a l y s e s  f o r  t h e  c .g .  a t  39% and 43% mac. The f l i g h t  test a i r c r a f t  
w a s  shown t o  be  f l u t t e r  f r e e  by a n a l y s e s  and w a s  approved f o r  f l i g h t  t e s t i n g .  
6 . 5  Avionics  
The a v i o n i c s  t a s k s  c o n s i s t e d  of t h r e e  areas: f l i g h t  tes t  g a i n  s w i t c h  
changes ,  v a l i d a t i o n  of s o f t w a r e  changes and a s t u d y  of t h e  PACS system d i s a b l e  
( k i l l )  s w i t c h .  
6 . 5 . 1  F l i g h t  test g a i n  swi t ch . -  So f tware  changes t o  t h e  f l i g h t  tes t  
module of t h e  PACS c o m p u t z  were i d e n t i f i e d  t o  g i v e  r i s e  t o  new p i t c h  r a t e  
feedback g a i n s  of 1 . 3  Kk, 1 . 6  K;, 1 .8  Kb, and 2 .0  K i .  
by changing t h e  v a l u e s  of g a i n s  K 1 ,  K 2 ,  K 3  a s  shown i n  F i g u r e  1 9 A .  
i n i t i a l  v a l u e s  f o r  K1, K2 and K 3  a r e  shown i n  F i g u r e  1 9 B .  
were flown on the  f l i g h t  tes t  a i r c r a f t ,  i t  was d i s c o v e r e d  t h a t  t h e  a i r c r a f t  
had d i f f e r e n t  c h a r a c t e r i s t i c s  t h a n  t h e  f l i g h t  s i m u l a t o r .  T h i s  d i f f e r e n c e  
r e s u l t e d  i n  new s o f t w a r e  changes being i d e n t i f i e d  f o r  t h e  f l i g h t  tes t  module 
which i n  t u r n  gene ra t ed  new p i t c h  r a t e  f eedback  g a i n s  of 1.3,  1.8,  and 2.0.  
These g a i n  changes are shown i n  F i g u r e  1 9 C  
T h i s  w a s  accomplished 
The 
When t h e s e  changes 
6 .5 .2  Software change v a l i d a t i o n . -  The near-term PACS system w a s  s t u d i e d  
and a n  end t o  end check of t h e  p i t c h  a x i s  s c a l i n g  w a s  made t o  de t e rmine  t h e  
series se rvo  r e s p o n s e  t o  column-minus-trim a n d / o r  body axis p i t c h  rate s i . g n a l s .  
T h i s  w a s  determined f o r  a l l  g a i n s  of bo th  c o n f i g u r a t i o n s  ( F i g u r e s  19B and 
1 9 C ) .  A f u r t h e r  v a l i d a t i o n  w a s  r e q u i r e d  of t h e  s o f t w a r e  changes and t h a t  was 
v e r i f i c a t i o n  of t h e  modif ied PACS so f tware  program. T h i s  v e r i f i c a t i o n  con- 
s i s t e d  of a n a l y z i n g  t h e  s o f t w a r e  d i f f e r e n c e s  between t h e  p r e v i o u s  program 
and t h e  p r e s e n t  program t o  e n s u r e  t h a t  no e r r o r s  were g e n e r a t e d  i n  t h e  program 
areas t h a t  should n o t  be changed and t h a t  t h e  areas changed w e r e  changed 
c o r r e c t l y .  
t o  t h e  f l i g h t  tes t  module s o f t w a r e .  
T h i s  program v e r i f i c a t i o n  was r e p e a t e d  f o r  t h e  f o u r  m o d i f i c a t i o n s  
6 . 5 . 3  PACS k i l l  swi t ch . -  A requirement  t o  d i s e n g a g e  t h e  PACS system 
th rough  d e a c t i v a t i o n  of t h e  a u t o p i l o t  d i s c o n n e c t  s w i t c h  on t h e  C a p t a i n ' s  and 
F i r s t  O f f i c e r ' s  c o n t r o l  wheel was proposed and s t u d i e d .  Because t h e r e  are  
PACS engagement/disengagement swi t ches  l o c a t e d  on t h e  F l i g h t  C o n t r o l  E lec t ron -  
i c s  System P a n e l  on t h e  C a p t a i n ' s  overhead p a n e l  t h a t  can perform t h i s  
d e a c t i v a t i o n  f u n c t i o n ;  and because of t h e  added complex i ty  t o  t h e  PACS and 
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B.  INITIAL GAIN SWITCH VALUES 
K1 K2 K3 
1.0 1.6 1.0 HIGH 
1.0 1.3 1.0 LOW 





C. FINAL GAIN SWITCH VALUES 
K1 K2 K3 
1.0 1.8 1.0 HIGH 
1.0 1.3 1.0 LOW 
1,O 2.0 1.0 NOMINAL 
Figure  1 9 .  - Near-term PACS s o f t w a r e  g a i n  changes  f o r  t h e  ex tended  
f l i g h t  t e s t  program. 
concomitant  r e d u c t i o n  of system r e l i a b i l i t y  w i t h  t h e  a d d i t i o n  of such a 
s w i t c h ,  t h e  PACS k i l l  s w i t c h  was r e j e c t e d .  I n s t e a d ,  a s a f e t y  p rocedure  w a s  
developed f o r  r ecove ry  i n  c a s e  of a n  u n d e t e c t e d  ha rdove r .  
6 . 6  S a f e t y  R e v i e w  
A s a f e t y  review w a s  convened p r i o r  t o  t h e  near- term PACS extended f l i g h t  
test program f i r s t  f l i g h t .  Those i n  a t t e n d a n c e  i n c l u d e d  members of t h e  
F l i g h t  T e s t  S a f e t y  Board, t h e  Opera t iona l  S a f e t y  Board, t h e  S a f e t y  R e v i e w  
Board, and t h e  F i r s t  F l i g h t  R e v i e w  Committee. Also p r e s e n t  were f o u r  r e p r e -  
s e n t a t i v e s  from t h e  NASA Langley Research Cen te r .  
I t e m s  d i s c u s s e d  i n c l u d e d :  
0 R e a c t i v a t i o n  of t h e  p i t c h  s e r i e s  s e rvo  and PACS s o f t w a r e ,  i n c l u d i n g  
s o f t w a r e  changes.  
0 A v a i l a b i l i t y  and u s e  of a w r i t t e n  PACS f u n c t i o n a l  check p rocedure .  
0 Fixed and moveable/dumpable water b a l l a s t  systems i n c l u d i n g  water 
b a l l a s t  t r a n s f e r  p rocedures .  
0 A i r c r a f t  s t r u c t u r a l  o p e r a t i n g  l i m i t a t i o n s .  
0 Proposed i n s t r u m e n t a t i o n .  
0 PACS f l i g h t  test p l a n  i n c l u d i n g  p rocedures  f o r  c o n f i g u r a t i o n  changes 
and a f t  c . g .  movement. 
0 Recovery p rocedures  i n  t h e  event  of a PACS f a i l u r e .  
All board members, committee members, and NASA r e p r e s e n t a t i v e s  were p o l l e d  
f o r  t h e i r  concur rence  that t h e  PACS f l i g h t  test program would be conducted i n  
t h e  s a f e s t  p o s s i b l e  manner and t h a t  a l l  r e q u i r e d  p r e c a u t i o n s  had been t a k e n .  
All p e r s o n s  so  p o l l e d  r e p l i e d  i n  t h e  a f f i r m a t i v e .  
One open s a f e t y  i t e m  r e q u i r e d  a c t i o n  p r i o r  t o  t h e  PACS f l i g h t  t e s t i n g ;  
t h e  w a t e r  b a l l a s t  system dump c a p a b i l i t y  a t  h i g h - a l t i t u d e ,  below-freezing con- 
d i t i o n s  r e q u i r e d  demons t r a t ion .  This  i t e m  w a s  s u b s e q u e n t l y  demons t r a t ed .  
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7 .  FLIGHT TEST 
The f l i g h t  t e s t  program was performed from t h e  Pa lmdale ,  C a l i f o r n i a  U . S .  
A i r  Fo rce  f a c i l i t y  by t h e  s a m e  f o u r  p i l o t s  who conducted t h e  p i l o t e d  f l i g h t  
s i m u l a t i o n  t es t  a t  KASA Langley  Research Cen te r .  A l l  tes ts  w e r e  performed a t  
f l i g h t  c o n d i t i o n  10 ( s e e  Table  1 ) .  The c . g .  p o s i t i o n s  t e s t ed  w e r e  25%, 39%, 
4 0 % ,  41%, 4 2 % ,  and 43% rnac. The four  PACS c o n f i g u r a t i o n s  ( S e c t i o n  3)  were 
e v a l u a t e d .  
1 . 8  K;, and 2 .0  K; as shown i n  F igu re  2.  
Feedback p i t c h  ra te  ga ins  e v a l u a t e d  were K;, 1.3 K;, 1 . 6  K;, 
v 
A summary of  t h e  f l i g h t  test program is  g iven  i n  Tab le  2 .  T e s t i n g  w a s  
i n i t i a t e d  w i t h  t h e  c . g .  p o s i t i o n  a t  25% rnac t o  p rov ide  t h e  p i l o t s  a f e e l  of 
t h e  b a s e l i n e  a i r c r a f t  f l y i n g  q u a l i t i e s  which se rved  as a r e f e r e n c e  f o r  f l y i n g  
q u a l i t i e s  a t  o t h e r  f l i g h t  c o n d i t i o n s .  The c . g .  p o s i t i o n  w a s  t h e n  moved t o  39% 
rnac which w a s  t h e  most a f t  c . g .  t e s t e d  du r ing  t h e  p r e v i o u s  near - te rm PACS 
f l i g h t  t es t  program. Af t  of 39% rnac t h e  c . g .  w a s  s h i f t e d  a f t  i n  1% rnac i n c r e -  
ments  t o  4 3 %  rnac. 
S ince  t h e  a f t  c . g .  movements took  p l a c e  over  several f l i g h t s ,  a 39% rnac 
c . g .  p o s i t i o n  was e v a l u a t e d  a t  t h e  beg inn ing  of each f l i g h t  f o r  p i l o t  r e f e r -  
ence .  T e s t i n g  a t  each  new a f t  c . g .  p o s i t i o n  was always i n i t i a t e d  w i t h  t h e  
AACS and PACS o f f .  The AACS w a s  engaged and t h e  b a s e l i n e  a i r p l a n e  w a s  eva lu-  
a t e d  a f t e r  which t h e  PACS w a s  engaged and t e s t i n g  w a s  i n i t i a t e d .  
The f l y i n g  q u a l i t y  e v a l u a t i o n s  i n c l u d e d :  
e Speed s t a b i l i t y  by us ing  l o n g i t u d i n a l  c o n t r o l  t o  s t a b i l i z e  a t  speeds  
away from trim. 
e l laneuvering s t a b i l i t y  by  conduct ing wind-up t u r n s  up t o  b u f f e t  n i b b l e  
o r  1 . 7  E.  
Dynamic s t a b i l i t y  of sho r t -pe r iod  and phugoid modes by u s i n g  a small 
c o n t r o l  column d isp lacement  and release. 
e Typica l  t r a n s p o r t  a i r c r a f t  o p e r a t i o n a l  t u r n s  of  up t o  30 degrees  bank 
a n g l e .  
e Small  p i t c h  changes .  
a Climbing and descending  S-pa t te rn  t u r n s .  
e Tr immabi l i t y .  
The f i r s t  series of t es t s  a t  t h e  r e l a x e d  s t a t i c  s t a b i l i t y  c o n d i t i o n s  
showed t h a t  t h e  p i l o t s  p r e f e r r e d  h ighe r  p i t c h  r a t e  damping g a i n s  than  t h o s e  
which were p r e f e r r e d  d u r i n g  t h e  s imula t ion  tests.  Consequent ly ,  p i t c h  r a t e  
g a i n s  of 1.8 K i t ,  and 2 . 0  Kt; were added f o r  t h e  tes t  program as shown i n  Tab le  
3. 
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7 . 1  Speed S t a b i l i t y  
Speed s t a b i l i t y  i s  a measure o f  s t a t i c  s t a b i l i t y  s o  long  as power e f f e c t s  
a r e  s m a l l  and che  t es t  i s  conducted i n  a speed r ange  where Mach t u c k  h a s  no 
i n f l u e n c e .  For  t h e  f l i g h t  tes t  a i r c r a f t  power e f f e c t s  a r e  s m a l l  and t h e  Xach 
t u c k  r e g i o n  i s  above Xach 0 . 8 6 .  However, t h e  a i r c r a f t  is  equipped w i t h  a Mach 
T r i m  Compensation System (MTC) which p r o v i d e s  a r t i f i c i a l  speed s t a b i l i t y  t o  
g i v e  expec ted  p i l o t  c o n t r o l  f o r c e  v e r s u s  speed c h a r a c t e r i s t i c s  by  au tomat i -  
c a l l y  re t r imming t h e  a i r c r a f t  nose-up when speed  i n c r e a s e s  and nose-down when 
speed d e c r e a s e s .  
The MTC w a s  o p e r a t i n g  d u r i n g  a l l  PACS t e s t i n g .  Even though t h e  MTC w a s  
o p e r a t i n g ,  s t a t i c  s t a b i l i t y  can be  a s s e s s e d  from t h e  s t a b i l i z e r  r equ i r emen t s .  
The s t a t i c  n e u t r a l  p o i n t  be ing  a t  40% rnac on t h e  f l i g h t  t es t  a i r c r a f t  i s  based 
upon t h e  AACS o p e r a t i n g .  The AACS moves t h e  outboard  a i l e r o n s  TEU as l o a d  f ac -  
t o r  i n c r e a s e s  t h u s  moving t h e  l i f t  i nboa rd  and producing  a d e s t a b i l i z i n g  nose- 
up moment. During a speed s t a b i l i t y  t es t ,  t h e  a i r c r a f t  i s  e s s e n t i a l l y  a t  1 g 
and t h e  AACS a i l e r o n s  remain e s s e n t i a l l y  f a i r e d .  S ince  t h e  AACS a i l e r o n s  d o n ’ t  
move, t h e  a i r c r a f t  appea r s  5% more s t a t i c a l l y  s t a b l e  (AACS e f f e c t )  d u r i n g  a 
speed change t h a n  d u r i n g  a dynamic maneuver and t h e  s t a t i c  n e u t r a l  p o i n t  i n  a 
speed s t a b i l i t y  test w i l l  be reached a t  a c . g .  of 45% rnac. F i g u r e  20 d e p i c t s  
t h e  d i f f e r e n c e  between a speed change i n  CL and a l o a d  f a c t o r  c h a n g e - i n  CL. 
A t i m e  h i s t o r y  h a s  been s e l e c t e d  from t h e  f l i g h t  test e v a l u a t i o n s  t o  show 
t h e  speed  s t a b i l i t y  a t  a 4 2 2  rnac c . g .  p o s i t i o n  ( F i g u r e  2 1 ) .  The a i r c r a f t  i s  
s t i l l  s t a t i c a l l y  s t a b l e  a t  t h i s  c . g .  as can  b e  s e e n  by  t h e  s l i g h t  i n c r e a s e  i n  
up s t a b i l i z e r  a t  t h e  s lower speed .  
7 . 2  Maneuvering S t a b i l i t y  
Wind-up t u r n s  were conducted t o  e v a l u a t e  maneuvering s t a b i l i t y .  The 
maneuver w a s  t e rmina ted  a t  t h e  end of  t h e  l i n e a r  s t a b i l i t y  r e g i o n  which w a s  
c o i n c i d e n t  w i t h  t h e  o n s e t  of l i g h t  a i r p l a n e  b u f f e t .  
maneuvering f o r c e  c h a r a c t e r i s t i c s  and s t a b i l i z e r  movement v e r s u s  l o a d  f a c t o r  
f o r  t h e  t h r e e  PACS o p e r a t i n g  c o n f i g u r a t i o n s  a t  a c .g .  of 43:; rnac. The p i t c h  
r a t e  damping g a i n  f a c t o r  is  2 . 0  Kb .  The f a i r i n g s  were c a l c u l a t e d  from t h e  
s i m u l a t i o n  math model. 
w i t h  f e e d  forward  f a i r i n g s  have been used t o  d e s c r i b e  a shaded a r e a  on t h e  
f o r c e  p l o t  f o r  p i t c h  r a t e  damping w i t h  feed-forward washed o u t .  l laneuvering 
f o r c e s  f o r  t h i s  PACS mechaniza t ion  can  be  anywhere w i t h i n  t h e  shaded a r e a  
depending upon how much feed-forward h a s  been washed o u t .  The tes t  p o i n t s  
t end  t o  f a l l  on t h e  h igh  s i d e  of t h e  shaded r e g i o n  which i n d i c a t e s  t h a t  t h e  
wind-up t u r n  i s  a long-term maneuver and t h a t  most of t h e  feed-forward h a s  
been  washed o u t .  F igu re  22 a l s o  shows how t h e  s t a b i l i z e r  remains  e s s e n t i a l l y  
a t  t h e  t r i m  p o s i t i o n  throughout  t h e  maneuver which i n d i c a t e s  t h a t  t h e  a i r p l a n e  
i s  o p e r a t i n g  a t  a r e l a x e d  s t a b i l i t y  c e n t e r  of g r a v i t y  and t h a t  t h e  f o r c e s  a r e  
a lmost  e n t i r e l y  t h e  r e s u l t  of PACS o p e r a t i o n .  
F i g u r e  22 shows 
The p i t c h  ra te  damping o n l y  and t h e  p i t c h  r a t e  damping 
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F i g u r e  30 .  - Effect of  the AACS on the aircraft pitching moment characteristics. 
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F i g u r e  2 2 .  - F l i g h t  tes t  maneuver s t a b i l i t y ,  f l i g n t  c o n d i t i o n  1 0 ,  
c.g. a t  432 mac, 2 .0  K i .  
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The p r e f e r r e d  PACS c o n f i g u r a t i o n s  were p r i m a r i l y  s e l ec t ed  because  of 
f l y i n g  q u a l i t i e s  around t r i m ,  such as s m a l l  p i t c h  a t t i t u d e  changes and t y p i c a l  
t r a n s p o r t - t y p e  t u r n s .  Inc reased  p i t c h  r a t e  damping g a i n s  improved h a n d l i n g  
q u a l i t i e s  i n  t h e s e  types  of maneuvers b u t  produced h e a v i e r  f o r c e s  t h a n  pre-  
f e r r e d  i n  t h e  wind-up t u r n  maneuver. The p i l o t s  would have s e l e c t e d  lower 
p i t c h  ra te  damping g a i n s  i f  t h e  wind-up t u r n  w a s  t h e  pr imary  t a s k .  A pos- 
s i b l e  PACS mechaniza t ion  change which would improve h a n d l i n g  q u a l i t i e s  around 
t r i m  and reduce  t h e  f o r c e s  i n  t h e  wind-up t u r n  maneuver would be t o  f a d e  i n  an  
i n c r e a s e d  feed-forward g a i n  above a c e r t a i n  l o a d  f a c t o r  l eve l .  
7 . 3  Dynamic S t a b i l i t j .  
7 . 3 . 1  Shor t -Per iod  Mode. The a i r c r a f t  s h o r t - p e r i o d  dynamic s t a b i l i t y  
e f f e c t s  a r e  r e f l e c t e d  i n  how p r e c i s e l y  a maneuver can be  accompl ished .  Sev- 
e r a l  t y p i c a l  maneuvers have been s e l e c t e d  t o  show t h e  d i f f e r e n c e s  i n  p r e c i s e  
c o n t r o l  w i t h  t h e  PACS on and o f f .  F i g u r e  23 shows c o n t r o l l a b i l i t y  d u r i n g  
s m a l l  p i t c h  a t t i t u d e  changes. 
F i g u r e  23A shows a 1 degree  nose-down p i t c h  a t t i t u d e  change w i t h  PACS 
o f f  and F i g u r e  23B shows a 1 degree  nose-up p i t c h  a t t i t u d e  change w i t h  
PACS on. Both maneuvers were conducted w i t h  t h e  c .g .  a t  43% rnac. With 
PACS on,  t h e  p i l o t  p u t s  i n  a small c o n t r o l  i n p u t ,  t h e  a i r c r a f t  responds  and 
t h e  p i l o t  releases t h e  column f o r c e  as t h e  a i r c r a f t  a c h i e v e s  and m a i n t a i n e s  
t h e  new p i t c h  a t t i t u d e .  With PACS o f f ,  t h e  p i l o t  a l s o  p u t s  i n  a small con- 
t r o l  i n p u t ,  t h e  a i r c r a f t  r e sponds ,  b u t  when t h e  p i l o t  releases t h e  f o r c e ,  
t h e  p i t c h  a t t i t u d e  c o n t i n u e s  t o  d iverge .  The p i l o t  p u t s  i n  a l a r g e  o p p o s i t e  
c o n t r o l  i n p u t  t o  s t o p  t h e  d ivergence  and t h e n  a l t e r n a t e s  between push and 
p u l l  i n p u t s  t o  s t a b i l i z e  a t  t h e  new p i t c h  a t t i t u d e .  I n  o t h e r  words, t h e  a i r -  
c r a f t  r e sponse  t o  each  c o n t r o l  i npu t  h a s  t o  be checked by an  o p p o s i t e  c o n t r o l  
i n p u t  such  t h a t  t h e  p i l o t  must provide  h i s  own damping, Some of t h e  p i l o t s  
d e s c r i b e d  t h e  augemented a i r c r a f t  c o n t r o l  as a rate-command, a t t i t u d e - h o l d  
system. F i g u r e  24 p a r t i c u l a r l y  h i g h l i g h t s  t h i s  c h a r a c t e r i s t i c .  P i t c h  
a t t i t u d e  i n c r e a s e s  each  t i m e  t h e  p i l o t  p u l l s  t h e  c o n t r o l  column a f t  and 
t h e  a i r c r a f t  h o l d s  a new a t t i t u d e  a f t e r  t h e  c o n t r o l  i s  r e l e a s e d .  
Turns w i t h  up t o  30 degrees  of bank were conducted t o  e v a l u a t e  PACS 
o p e r a t i o n  d u r i n g  a r e p r e s e n t a t i v e  a i r l i n e  maneuver. F i g u r e  25 shows c o n t r o l -  
l a b i l i t y  w i t h  t h e  PACS on and o f f  dur ing  t v p i c a l  t r a n s p o r t - t y p e  a i r c r a f t  t u r n s  
w i t h  t h e  c e n t e r  of g r a v i t y  a t  43% rnac. The PACS on c o n f i g u r a t i o n  is  t h e  one 
p r e f e r r e d  by  most of t h e  p i l o t s  a t  t h i s  c . g .  S e v e r a l  a s p e c t s  can b e  r e a d i l y  
observed .  With PACS o f f ,  t h e  c . g .  v e r t i c a l  g o s c i l l a t i o n s  are  more pro-  
mounced. C o n t r o l  f o r c e  i n p u t s  a re  more ac t ive  and a l t e r n a t e  between push and 
p u l l .  The p i l o t s  i n  some i n s t a n c e s  q u a n t i f i e d  t h e  t a s k  by e s t i m a t i n g  how 
c l o s e  t h e y  f e l t  t h a t  t h e y  could hold a l t i t u d e .  The t i m e  h i s t o r i e s  show much 
b e t t e r  a l t i t u d e  c o n t r o l  w i th  t h e  PACS engaged.  
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7 . 3 . 2  Phugoid mode.- The f l y i n g  q u a l i t i e s  a n a l y s i s  t o  o p t i m i z e  t h e  
nea r - t e rm PACS c o n f i g u r a t i o n s  f o r  t h e  ex tended  f l i g h t  t e s t  program showed t h a t  
i n c r e a s e d  p i t c h  r a t e  damping g a i n s  were r e q u i r e d  t o  s t a b i l i z e  t h e  phugoid 
mode. The puhgoid mode w a s  e x c i t e d  by c o n t r o l  column i n p u t s  and obse rved  
th rough  s e v e r a l  c y c l e s  d u r i n g  t h e  f l i g h t  t e s t  program. Three  phugoid  t i m e  
h i s t o r i e s  are p r e s e n t e d  i n  F i g u r e  26 .  Cha r t  A shows t h a t  f o r  t h e  b a s e l i n e  
a i r c r a f t  w i t h  a 4 1 2  rnac c . g .  p o s i t i o n ,  t h e  phugoid mode r e s p o n s e  d o e s n ’ t  com- 
p l e t e  one c y c l e  b e f o r e  t h e  p i l o t  r e c o v e r s .  The c . g .  normal  a c c e l e r a t i o n  shows 
a l i n e a r  d i v e r g e n c e .  Char t  B shows t h a t  f o r  t h e  b a s e l i n e  a i r c r a f t  w i t h  a 43% 
mac c . g .  p o s i t i o n  t h e  phugoid mode r e s p o n s e  a g a i n  d o e s n ’ t  comple t e  one  c y c l e  
b e f o r e  t h e  p i l o t  r e c o v e r s  and t h i s  t i m e  t h e  c . g .  normal a c c e l e r a t i o n  shows a 
second o r d e r  d i v e r g e n c e .  Char t  C shows t h a t  f o r  t h e  a i r c r a f t  w i t h  PACS on and 
a 4 2 %  rnac c . g .  p o s i t i o n ,  t h e  phugoid mode i s  s t i l l  s l i g h t l y  u n s t a b l e  b u t  t h e  
r a t e  of d i v e r g e n c e  i s  s l o t j  and can  be e a s i l y  c o n t r o l l e d .  
7 . 4  Turbulence  Response 
L i g h t  t u r b u l e n c e  w a s  i n t e r m i t t e n t l y  encoun te red  d u r i n g  most  o f  t h e  
f l i g h t s .  S p e c i f i c  e v a l u a t i o n s  were n o t  conducted  t o  q u a n t i f y  t h e  e f f e c t s  of 
t u r b u l e n c e  w i t h  t h e  PACS on and o f f .  However, t h e  p i l o t s  f e l t  t h a t  t h e  PACS 
improved t h e  f l y i n g  q u a l i t i e s  i n  t h e  l i g h t  t u r b u l e n c e  c o n d i t i o n s .  
7 . 5  Tr immabi l i t y  
A s i g n i f i c a n t  p o r t i o n  of t h e  e v a l u a t i o n  w a s  s p e n t  l o o k i n g  a t  t h e  a i r p l a n e  
f l y i n g  q u a l i t i e s  n e a r  t h e  t r i m  p o i n t .  One of t h e  major  d e f i c i e n c i e s  of t h e  
b a s e l i n e  a i r c r a f t  a t  t h e  r e l a x e d  s t a t i c  s t a b i l i t y  c . g .  p o s i t i o n s  i s  t h e  l a c k  
of  good t r i m m a b i l i t y  which n e c e s s i t a t e s  f u l l  t i m e  p i l o t  a t t e n t i o n  t o  m a i n t a i n  
a f l i g h t  c o n d i t i o n .  With t h e  p r e f e r r e d  PACS c o n f i g u r a t i o n s  o p e r a t i n g ,  t r i m -  
m a b i l i t y  was b e t t e r  a t  t h e  u n s t a b l e  s t a t i c  s t a b i l i t y  c . g .  p o s i t i o n s  t h a n  f o r  
t h e  b a s e l i n e  a i r c r a f t  w i t h  t h e  c . g .  a t  25% rnac. The b a s e l i n e  a i r c r a f t  a t  t h e  
u n s t a b l e  c . g .  p o s i t i o n s  w a s  cons ide red  unt r immable  and i f  l e f t  u n a t t e n d e d  
would d i v e r g e  i n t o  an  u n s t a b l e  phugoid mode. The p i l o t s  l i k e d  h i g h  p i t c h  ra te  
damping g a i n s  t o  improve t r i m a b i l i t p .  With t h e  p r e f e r r e d  PACS on ,  t h e  a i r -  
p l a n e  would m a i n t a i n  t r i m  a t  t h e  u n s t a b l e  c . g .  p o s i t i o n s  w i t h o u t  go ing  i n t o  a 
phugoid o s c i l l a t i o n .  
7 . 6  P i l o t  Ra t ings  and Comments 
P i l o t  Cooper-Harper r a t i n g s  of t h e  PACS c o n f i g u r a t i o n s  e v a l u a t e d  d u r i n g  
t h e  nea r - t e rm PACS extended  f l i g h t  test  program a r e  p r e s e n t e d  i n  F i u g r e  2 7 .  
The shaded symbols  i n  t h e  f i g u r e  d e s i g n a t e  t h e  PACS o p e r a t i n g  c o n f i g u r a t i o n s  
and p i t c h  r a t e  damper f eedback  g a i n s  t h a t  were p r e f e r r e d  by t h e  p i l o t s .  The 
p i l o t  r a t i n g s  and p r e f e r r e d  FACS c o n f i g u r a t i o n s  were p r i m a r i l y  de t e rmined  from 
how t h e  a i r c r a f t  f l e w  around t h e  t r i m  ( i . e . ?  s m a l l  p i t c h  changes ,  s h a l l o w  
banked t u r n s ,  t r i m a b i l i t y  - maneuvers more t y p i c a l  t o  normal  t r a n s p o r t  ope r -  
a t i o n ) .  “any wind-up t u r n s  were conducted t o  e v a l u a t e  maneuvering s t a ’ : i l i t y ;  
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Figure  2 7 .  - F l i g h t  tes t  Cooper-Harper r a t i n g s ,  f l i g h t  condi t ion  10. 
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however ,  t h e  i n f l u e n c e  of t h e  wind-up t u r n  maneuver  w a s  n o t  c o n s i d e r e d  i n  t h e  
p i l o t  r a t i n g .  
F i g u r e  27  shows t h a t  t h e  p r e f e r r e d  PACS o p e r a t i n g  c o n f i g u r a t i o n s  p r o d u c e  
f l y i n g  q u a l i t i e s  f o r  t h e  3 9 %  t o  4 3 %  rnac c . g .  r a n g e  as good as t h e  b a s e l i n e  
a i r c r a f t  a t  25% rnac. The p i l o t s  g e n e r a l l y  f a v o r e d  t h e  PACS o p e r a t i n g  con- 
f i g u r a t i o n  w i t h  p i t c h  ra te  damping and f eed - fo rward  e x c e p t  f o r  t h e  most  a f t  
c . g .  p o s i t i o n  t e s t e d  ( 4 3 2  rnac) where  t h e y  s e l e c t e d  t h e  PACS c o n f i g u r a t i o n  w i t h  
p i t c h  r a t e  damper onlj7. O b s e r v a t i o n  of t h e  shaded  symbols  w i l l  g e n e r a l l y  show 
a lesser p i t c h  r a t e  damping g a i n  f a c t o r  p r e f e r r e d  f o r  t h e  PACS o p e r a t i n g  
c o n f i g u r a t i o n  w i t h  p i t c h  r a t e  damper o n l y  t h a n  when p i t c h  r a t e  damping w a s  
combined w i t h  f e e d - f o r w a r d .  It would b e  e x p e c t e d  tha t  t h e  p i t c h  r a t e  damping 
w i t h  feed- forward  cou ld  b e  t h e  p r e f e r r e d  c o n f i g u r a t i o n  w i t h  t h e  c . g .  a t  1 3 %  
rnac i f  t h e  a b i l i t y  t o  t e s t  a p i t c h  r a t e  damping g a i n  f a c t o r  g r e a t e r  t h a n  2 . 0  
KL had been  a v a i l a b l e .  
The a i r c r a f t  w i t h  t h e  PACS o f f  w a s  g i v e n  o n l y  a minimal  e v a l u a t i o n  by 
e a c h  p i l o t ,  p r i m a r i l y  t o  show t h a t  t h e  a i r c r a f t  was s a f e l y  f l y a b l e  i n  t h e  
e v e n t  of a PACS f a i l u r e .  The b r i e f  e v a l u a t i o n s  d i d  g e n e r a t e  Cooper-Harper 
r a t i n g s  f o r  t h e  PACS o f f  a i r p l a n e  w i t h  AACS on and o f f .  These  r a t i n g s  a r e  
p r e s e n t e d  a long  w i t h  s imi la r  r a t i n g s  from t h e  Lang ley  173s on F i g u r e  28 .  
G e n e r a l  p i l o t  s t a t e m e n t s  and  obse rx ra t ions  w i t h  PACS o f f  a t  t h e  a f t  centers  of 
g r a v i t y  were: 
AACS o f f  improves  t h e  a i r c r a f t  f l y i n g  q u a l i t i e s .  
The a i r c r a f t  c a n ' t  r e a l l y  b e  t r i m n e d  and  r e q u i r e s  f u l l  t i n e  a t t e n t i o n  
t o  keep i t  a t  t h e  d e s i r e d  f l i g h t  c o n d i t i o n .  
The s t a b i l i t y  d e g r a d a t i o n  f o r  a 14  a f t  c . g .  s h i f t  w i t h  AACS on i s  much 
more a p p a r e n t  when t h e  1% c . g .  s h i f t  i s  f rom 4 2 %  t o  4 3 %  rnac. 
e Push f o r c e s  a r e  r e q u i r e d  i n  sha l low-banked t u r n s .  
e P i t c h  changes  r e q u i r e  a p i l o t  t o  p r o v i d e  h i s  own damping by  c h e c k i n g  
t h e  maneuver w i t h  an  o p p o s i t e  c o n t r o l  i n p u t  t o  s t o p  t h e  p i t c h  r a t e  
g e n e r a t e d .  
G e n e r a l  s t a t e m e n t s  w i t h  t h e  PACS o p e r a t i n g  i n c l u d e d :  
The a i r c r a f t  c o n t r o l s  l i k e  a f l i g h t  v e h i c l e  w i t h  a rate-command and 
a t t i t u d e - h o l d  c o n t r o l  s y s t e m .  
Trimming i s  eas i e r  w i t h  PACS on a t  t h e  a f t  c . g .  p o s i t i o n s  t h a n  a t  a 
c . g .  of 152 rnac w i t h  t h e  PACS o f f .  
There i s  a d i f f e r e n c e  be tween t h e  f eed - fo rward  and t h e  f eed - fo rward  
washed out c o n f i g u r a t i o n s  ( t h e  d i f f e r e n c e  was h a r d  f o r  t h e  p i l o t s  t o  
q u a n t i f y  o t h e r  t h a n  tc s a y  t h e y  j u s t  d i d n ' t  l i k e  the way t h e  washed- 
o u t  feed- forward  PACS c o n f i g u r a t i o n  f e l t ) .  
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The p r e f e r r e d  PAC5 c o n f i g u r a t i o n s  p r o v i d e  pood a i r p l a n e  resDonse  
around t r ix  and sood damping d u r i n g  p i t c h  changes .  
e PACS c o n f i g u r a t i o n s  w i t h  p i t c h  r a t e  damping g a i n s  which were lower  
t h a n  t h e  optimum are  l o o s e  around t r i m ,  h a r d e r  to t r i m ,  and more 
d i f f i c u l t  t o  p r e c i s e l y  c o n t r o l .  
8. CONPARISOR OF SIMULATION AND FLIGHT TEST RESULTS 
Two major  d i f f e r e n c e s  were i d e n t i f i e d  between t h e  s i m u l a t o r  t es t  and 
f l i g h t  t e s t  r e s u l t s :  t h e  b a s e l i n e  f l i g h t  tes t  a i r c r a f t  w a s  ra ted as hav ing  
b e t t e r  f l y i n g  q u a l i t i e s  t h a n  t h o s e  demonst ra ted  d u r i n g  t h e  VMS p i l o t e d  f l i g h t  
s i m u l a t i o n  t e s t ,  and h i g h e r  p i t c h  rate damping f eedback  g a i n s  w e r e  d e s i r e d  
d u r i n g  f l i g h t  t es t  t h a n  d u r i n g  t h e  s i m u l a t i o n .  
The b e t t e r  f l y i n g  q u a l i t i e s  of t h e  b a s e l i n e  f l i g h t  t es t  a i r c r a f t  a t  t h e  
a f t  c . g .  p o s i t i o n s  a r e  shown by comparing t h e  two c h a r t s  i n  t h e  upper  p a r t  of 
F i g u r e  28. The c h a r t s  i n  t h e  lower  part  of t h e  f i g u r e  show t h a t  t h e r e  i s  no 
d i f f e r e n c e  i n  t h e  f l y i n g  q u a l i t i e s  when t h e  AACS i s  o f f .  A p o s s i b l e  explana-  
t i o n  f o r  t h e  d i f f e r e n c e  i n  r a t i n g s  wi th  t h e  AACS on i s  t h a t  i n  t h e  f l i g h t  tes t  
t h e  a i r c r a f t  w a s  g e n t l y  maneuvered around t r i m  and i n  s h a l l o w  banked t u r n s  
whereas  d u r i n g  t h e  s i m u l a t i o n  t h e  a i r c r a f t  was maneuvered more a g g r e s s i v e l y .  
A t  t h e  a f t  c . g .  p o s i t i o n s  t h e  PACS off  a i r c r a f t  becomes q u i t e  s e n s i t i v e  w i t h  
AACS on and t h e  more a g g r e s s i v e  maneuvering may have  b rough t  o u t  some unp leas -  
a n t  h a n d l i n g  q u a l i t i e s  c h a r a c t e r i s t i c s .  
The h i g h e r  p i t c h  r a t e  damping g a i n s  p r e f e r r e d  f o r  t h e  f l i g h t  test  a i r -  
c r a f t  i s  i l l u s t r a t e d  i n  F i g u r e  2 9 .  Th i s  d i f f e r e n c e  may b e  due  t o  t h e  l a c k  of  
r e a l i s t i c  l o a d  f a c t o r  ( g )  c u e s  of t h e  s i m u l a t i o n .  Dur ing  t h e  s i m u l a t i o n  t h e  
p i l o t s  focused  most of  t h e i r  a t t e n t i o n  on p i t c h  a t t i t u d e  and seldom obse rved  
t h e  g o s c i l l a t i o n s .  S i n c e  t r u e  g v a l u e s  were reduced  and washed o u t ,  t h e  
s i m u l a t i o n  d i d  n o t  t o t a l l y  p r o v i d e  a r ea l - l i f e  env i ronmec t .  I n  t h e  tes t  
a i r c r a f t ,  t h e  g c u e s  were f e l t  by t h e  p i l o t s  and s i n c e  i n c r e a s i n g  t h e  p i t c h  
r a t e  damping g a i n  tended  t o  r e d u c e  t h e  g o s c i l l a t i o n s  t h e y  p r e f e r r e d  t h e  
h i g h e r  damping g a i n s .  
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CONCLUSIONS 
F l i g h t  tes ts  have demons t r a t ed  t h a t  a near - te rm PACS w i t h  p i t c h - r a t e  feed-  
back  and column-minus-trim feed-forward s i g n a l s  p r o v i d e s  good f l y i n g  q u a l i t i e s  
w i t h i n  t h e  l i n e a r  s t a t i c  s t a b i l i t y  f l i g h t  enve lope  f o r  a l a r g e  t r a n s p o r t  air-  
c r a f t  t o  n e g a t i v e  3% s t a t i c  s t a b i l i t y  marg ins .  
A PACS o p e r a t i n g  c o n f i g u r a t i o n  wi th  p i t c h  damper p l u s  feed- forward  w a s  
p r e f e r r e d  t o  a c o n f i g u r a t i o n  w i t h  p i t c h  damper o n l y  o r  t o  a c o n f i g u r a t i o n  of 
p i t c h  damper w i t h  feed- forward  washout .  The PACS must have  p i t c h  r a t e  g a i n s ,  
column-minus-trim g a i n s ,  and t i m e  l a g  g a i n s  t h a t  a re  f u n c t i o n s  of  t h e  a i r c r a f t  
c a l i b r a t e d  a i r  speed .  The column-minus-trim g a i n s  and t i m e  l a g  g a i n s  a re  
independen t  of t h e  s t a t i c  s t a b i l i t y  margin .  However, t h e  d e s i r e d  p i t c h  r a t e  
f e e d b a c k  g a i n  r e q u i r e m e n t s  were de termined  t o  d o u b l e  i n  v a l u e  as t h e  s t a t i c  
s t a b i l i t y  m a r g i n  i s  changed from n e u t r a l  t o  a n e g a t i v e  3% v a l u e .  
An a d d i t i o n a l  improvement t o  t h e  PACS would be  t o  f a d e  i n  t h e  feed- forward  
a t  a c e r t a i n  l o a d  f a c t o r  v a l u e  which s t i l l  needs  t o  b e  d e t e r m i n e d .  However, 
t h e  t e c h n o l o g y  f o r  a PACS t h a t  u t i l i z e s  a n a l o g  s e n s o r s ,  a d i g i t a l  computer ,  
and series s e r v o  t o  p r o v i d e  good f l y i n g  q u a l i t i e s  a t  r e l a x e d  s t a t i c  s t a b i l i t y  
c o n d i t i o n s  h a s  been  demons t r a t ed  by  f l i g h t  t e s t .  The r ema in ing  t a s k  r e q u i r e d  
f o r  u s e  of t h e  PACS i n  commercial  a i r l i n e  f l e e t s  i s  t o  e s t a b l i s h  t h a t  i t  h a s  
t h e  r e l i a b i l i t v  t o  comply w i t h  f l i g h t  s a f e t y  c r i t e r i a .  
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Fuel  sav ings  can be achieved by moving t h e  c e n t e r  of g r a v i t y  of a n  a i r c r a f t  
a f t  which reduces  t h e  s t a t i c  s t a b i l i t y  margin and consequent ly  t h e  t r i m  drag.  
However, f l y i n g  q u a l i t i e s  of an  a i r c r a f t  wi th  r e l a x e d  s t a t i c  s t a b i l i t y  can be 
s i g n i f i c a n t l y  degraded. The f l y i n g  q u a l i t i e s  can be r e s t o r e d  by u s i n g  a p i t c h  
a c t i v e  c o n t r o l  system (PACS). This  r e p o r t  documents t h e  work accomplished dur- 
i n g  a follow-on program ( s e e  NASA CR-165951 f o r  i n i t i a l  program r e p o r t )  t o  per- 
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